A large number of bacterial species have been identified in fetal membranes after preterm labour (PTL) associated with intrauterine infection by microbiological culture. In this study, we have investigated a molecular and bioinformatic approach to organism identification which surmounts the need for specific and diverse microbiological culture conditions required by conventional methods. Samples of fetal membranes were taken from 37 preterm infants, and 6 normal term controls delivered by caesarean section, in which bacteria had been detected by in situ hybridization of 16S ribosomal RNA using a generic probe. Degenerate primers were designed to amplify bacterial 16S ribosomal DNA by PCR and used to amplify bacterial DNA from human fetal membranes. Amplicons were cloned, sequenced and bacteria were identified bioinformatically by comparison of sequences with known bacterial DNA genomes. In situ hybridization using an organism specific probe was then used to confirm the presence of the commonest identified organism in tissue samples. Bacterial DNA amplified from 15/43 samples, all from preterm deliveries, and the bioinformatic approach identified organisms in all cases. Multiple bacteria were identified including Mycoplasma hominis, Pasturella multocida, Pseudomonas PH1, Escherichia coli and Prevotella bivia. The commonest organism Fusobacterium nucleatum was found in 9/15 (60%) of samples. Ten of the 12 samples obtained after prolonged membrane rupture were positive for bacterial DNA, and 7 of these (70%) contained DNA from F. nucleatum. Bacteria from fetal membranes may be identified by molecular and bioinformatic methods. Further work is warranted to investigate the apparent linkage between F. nucleatum, fetal membrane rupture and preterm delivery.
Introduction
Many studies have associated intrauterine infection with preterm labour (PTL) and a series of fetal pathologies. The wide range of organisms found suggests a general inflammatory response to any organisms rather than a specific effect of pathogenic species (Romero et al., 1989a) although recent studies have identified a link between poor oral hygiene and poor pregnancy outcome and implicated oral pathogens in PTL (Hill, 1998; Offenbacher et al., 1998; Carta et al., 2004; Goepfert et al., 2004) . Pregnancies from which organisms are detected by microbiological culture often also show chorioamnionitis (inflammatory changes in the fetal membranes) to the extent that the latter has been used as a surrogate marker of the former (Steinborn et al., 1996) . Our recent data show that this simple relationship is not tenable, as bacteria may be visualized by fluorescence in situ hybridization with a generic DNA probe to bacterial 16S ribosomal RNA in the majority of term and preterm fetal membranes (Steel et al., 2005) . The term tissues showed no evidence of chorioamnionitis (Steel et al., 2005) , indicating that the mere presence of bacteria may not be sufficient to cause an inflammatory response, suggesting that the link between bacteria and intrauterine inflammation is more complex than previously suspected.
Different organisms may have different effects on fetal membranes, but our study (Steel et al., 2005) provided no information on the species of bacteria present. For many years, identification of bacteria was a complex process; a multitude of specific reagents would be needed for immunohistochemistry, and microbiological culture can be complicated by the different growth requirements of bacteria and also by the difficulty in growing some bacteria resulting in false-negative data. A series of papers have shown that PCR-based methods, in which DNA primers are selected to amplify defined parts of the bacterial genome can be used to identify organisms in a range of tissues and samples (Greisen et al., 1994; Jalava et al., 1996; Hitti et al., 1997; Gardella et al., 2004; Rinttila et al., 2004) .
The first aim of this study was to identify a pair of primers that would amplify DNA from many species of bacteria, which would be a more generic approach than species-specific primers. We then aimed to apply the method to archive fetal membrane tissue, identify the bacteria present, and attempt to relate the data to pregnancy outcome.
Methods

Design of degenerate 16s rRNA PCR primers
The GenBank® nucleotide sequence database was searched using the Ovid platform (Ovid, New York, NY, USA) for complete 16s rRNA sequences. These sequences were aligned using ClustalW (Thompson et al., 1994) . Regions of variation were identified and marked within the sequences. The conserved DNA sequences flanking these regions of DNA variation were then used to design degenerate primers. Primers were designed with lengths ranging from 14 to 25 bp. The primers designed were then analysed using the BLAST programme and those primers sequences that recognized over 100 16s rRNA sequences in the BLAST database were generated for use by ThermoHybaid (MA, USA). Control non-degenerate 16s rRNA primers designed against conserved regions of 16s rRNA and used previously in clinical studies were also generated (Parkhill et al., 2001) . Previously validated and published primers for human β-actin were also used in this study (Ace and Okulicz, 1995) .
PCR methodology
The PCR primers used in the study are shown in Figure 1 and the exact sequences in Table I . To standardize the location of the selected 16s rRNA primers within the 16s rRNA, each primer sequence was mapped to the Escherichia coli 16s rRNA gene. All PCR were optimized for the primer set and carried out according to standard protocols in 50 ul reactions, using a reaction mixture of 1.5 mM MgCl 2 , 50 mM KCl, 10 mM Tris-HCl (pH 8.3), 200 μM of each deoxynucleotide triphosphate and 2 U of Amplitaq DNA polymerase (PE Applied Biosystems). Amplification reactions were carried out using an ABgene® thermocycler (Epsom, Surrey, UK) employing the following conditions; 95°C × 1´, 35 cycles of 95°C × 30´, 50°C × 30´ and 72°C × 1´ and a final elongation of 72°C × 5´. Control reactions were carried out for each PCR with double distilled H 2 O replacing DNA to assess bacterial DNA contamination.
Cloning and sequencing of PCR amplicons
The PCR products were resolved by agarose gel electrophoresis and the amplicon of required size was extracted using the Qiaex II gel extraction kit (Quiagen) according to the manufacturers protocols. The resulting DNA was ligated into the PCR®-TOPO® TA vector (Invitrogen) and transformed into One Shot® Top 10 chemically competent E. coli (Invitrogen). Twelve clones per sample were sequenced using ABI 3100 sequencing service at the Advanced Biotechnology Centre (ABC, Imperial College, London, UK); previous experience indicates that this is sufficient to identify the main bacteria present. To confirm this, 50 clones from one sample were sequenced, and no additional sequences were found other than those in the first 12 samples sequenced. All sequencing results obtained were analysed using the BLAST programme and the resulting alignments analysed (Altschul et al., 1990) .
Isolation of bacterial DNA
Bacterial-type strains were obtained from the NCTC, and clinical isolates were provided by Microscience, Reading, UK, and Mr Michael Quail of the Pathogen Sequencing Unit at The Wellcome Trust Sanger Institute, Cambridge, UK. Each bacterial strain was cultured as per individual requirements. DNA was isolated using the DNeasy Tissue DNA extraction kit (Quiagen) modified for Gram-negative and Gram-positive bacteria as per manufacturers' instructions.
Patient samples
Approval for this study was obtained from the Hammersmith Hospitals Trust Research Ethics Committee, and all parents gave consent. Fetal membranes (amnion, chorion and adherent decidua) from 43 women (6 women after uncomplicated term deliveries by caesarean section, 37 women after preterm delivery) were obtained within 30 min of delivery and placed in phosphatebuffered saline (PBS) supplemented with penicillin-streptomycin to limit further bacterial growth. Tissue samples (∼200 mg) were frozen in liquid nitrogen and kept at -80°C until further study, and matched samples were fixed in formalin and stored in 70% ethanol : 30% water. Data from these pregnancies are summarized in Table II . The preterm delivery groups are defined as follows: preterm not in labour (PNIL), infants delivered by caesarean section, for worsening maternal or fetal health due to pre-eclampsia (with or without fetal growth restriction); PTL, infants delivered from women in PTL but no evidence of fetal membrane rupture and prolonged rupture of fetal membranes (PROM), infants delivered from women in PTL at least 24 h after rupture of fetal membranes. Women in PTL were all treated with augmentin, and women with PROM were treated with erthyromycin.
A single fixed fetal membrane sample was processed for histological assessment, with a positive diagnosis of chorioamnionitis based on the presence of at least 10 polymorphonuclear leukocytes per 400-power field in the fetal membrane sample. All methods to isolate, amplify and sequence bacterial DNA were carried out using aseptic technique, filtered tips and sterile reagents to avoid contamination with environmental bacteria. DNA was extracted from the membrane tissue using the DNeasy tissue extraction kit (Quiagen) according to the manufacturers' instructions. The DNA was resuspended in 200 μl of double distilled H 2 O and stored at -20°C.
The integrity of the human DNA from these extractions was confirmed by amplification of β-actin using specific primers (Table I) , and this was successful in all cases. Bacterial DNA was amplified by PCR using the degenerate generic primers identified in the first part of the study: the Forward primer was CCTACGGRSGCAGCAG (16s2F) and the Reverse primer was GGACTAC-CMGGGNTATCTAATCCKG (16s4R). PCR products were ligated into the PCR®-TOPO® TA vector (Invitrogen), cloned and sequenced as described above. All sequencing results obtained were analysed using the BLAST programme and the resulting alignments analysed (Altschul et al., 1990) .
Fluorescent in-situ hybridization for bacteria
Flourescent in-situ hybridization (FISH) was used to demonstrate the presence of bacteria in fetal membranes, using the method described previously (Steel et al., 2005) . In brief, fixed paraffin-embedded tissues were cut using a sterile approach and the sections mounted on poly-L-lysine coated slides. Sections were treated with proteinase K before incubation with a generic probe to 16S ribosomal RNA (5´-F-ACTGCTGCCTCCCGTAGGAGTTTATTCCTT). A subset of fetal membrane samples were also used for FISH with a specific probe to the most common organism, Fusobacterium nucleatum. This probe was designed using the ARB software and ARB database (ARB-a software environment for sequence data, http://www.arb-home.de). The sequence used was CGCAAAGCTCTCTCACAG, and the technique was the same as with the generic probe (Steel et al., 2005) .
Results
The primer sequences identified from the databases were tested on bacterial DNAs, with the results summarized in that the amplified DNA was of the correct sequence, two separate clones from five bacteria (Citrobacter rodentium, Enterohaemorrhagic E. coli, F. nucleatum, Pasteurella multocida and Salmonella enterica serovar Typhimurium) were sequenced. All sequences obtained showed 100% homology with the database sequences, indicating that correct amplification had been achieved.
DNA was extracted from 43 fetal membrane samples as indicated above. PCR with the β-actin primers succeeded for all samples, indicating that the human DNA had not been damaged during extraction.
Bacterial 16S rDNA sequences were amplified from 15 of the 43 samples investigated, as summarized in Table IV . Most of the samples from which bacterial DNA was amplified were from pregnancies with PROM (Table IV) . Reorganization of the data revealed that there was a close correlation between chorioamnionitis and the success of PCR (Table IV) .
F. nucleatum was the most commonly detected organism, being present in 9 of the 15 samples (60%) that contained bacterial DNA (Table IV) . DNA from other organisms (Mycoplasma hominis, P. multocida, Ranges are given for gestational ages and birthweights of preterm deliveries. *Gestational age and birthweight were not specifically recorded from term deliveries but known to be within normal ranges. †The period of time from membrane rupture until delivery of the infant. ‡P < 0.05 by χ 2 compared with other preterm delivery groups.
Term (6) PNIL (11) PTL (14) PROM (12) Gestation The results are expressed as + or -based on the presence of an amplicon of predicted size. The number of non-specific amplicons is shown within parentheses. +, 1; ++, 2 non-specific bands.
Bacterial species Source RNA1 + RNA2 16s1F + 16s5R 16s2F + 16s5R 16s1F + 16s4R 16s2F + 16s4R 16s2F + 16s6R 16s2F + 16s7R
Enteropathogenic Escherichia coli Pseudomonas PH1, E. coli and Prevotella bivia) was detected less frequently as shown. Three samples revealed polymicrobial infection (Table IV) ; all three contained F. nucleatum and M. hominis, and one also contained P. multocida. Seven of the nine samples (77.8%) which contained DNA for F. nucleatum (alone or with other organisms) were from tissues obtained after prolonged membrane rupture (P < 0.05 by χ 2 compared with the incidence in tissues from pregnancies not complicated by prolonged membrane rupture).
The presence of bacteria in the fetal membranes was confirmed by FISH with the generic probe used in our recent study.
7 All the samples used contained organisms, and typical data are shown in Figure 2a . FISH with a specific probe was also used to localize F. nucleatum in fetal membranes and typical data are shown in Figure 2b . Three different fetal membrane samples obtained after PROM that were positive for F. nucleatum by PCR and sequencing were also positive by FISH. No positive hybridization with the F. nucleatum-specific probe was observed in five different tissue samples (both term and preterm) that were negative for F. nucleatum by PCR and sequencing; these samples were positive for bacteria by generic FISH.
Discussion
We describe methods that may be used to amplify DNA from many different species of micro-organisms, and use this DNA to identify the organisms present in human fetal membrane tissues. The bioinformatics proved to be extremely reliable; submission of each DNA sequence obtained provided a positive match with a known bacterial 16S rDNA, and in three cases showed polymicrobial infection.
All the tissues studied were positive for bacteria by FISH, but PCR succeeded only in 15 of the 43 samples (35%). Eschenbach and coworkers have used similar methods to show the presence of bacteria (Hitti et al., 1997) and identify bacteria (Gardella et al., 2004) in amniotic fluid, but not all their samples were positive by PCR and sequencing. More work seems to be needed to improve the efficiency of this stage of the analysis, although reasons for this should be considered. One possibility is a 'mass-effect', whereby a minimum number of organisms are needed to obtain a PCR amplicon, in contrast to the visualization of single organisms by FISH. A quantitative study has shown that real-time quantitative PCR has a detection limit of 30-4500 bacterial genomes when specific DNA primers are used (Rinttila et al., 2004) , indicating that there may be a limit to this type of approach. The human DNA was of sufficient quality in all samples for PCR with primers for β-actin to succeed, so it seems unlikely that bacterial DNA has been lost. All the organisms we identified (F. nucleatum, M. hominis, P. multocida, Pseudomonas PH1, E. coli and P. bivia) from the sequence databases have been reported previously in tissues obtained after PTL, indicating that our data are consistent with previous data. Bacterial 16S ribosomal DNA was successfully sequenced from PROM and some PTL tissues, but less frequently from preterm no labour (1/11) and term tissues (0/6) ( Table IV ). The close relationship between identifying bacterial DNA and chorioamnionitis (Table IV) reflects previous studies linking 'infection' with chorioamnionitis (Steinborn et al., 1996) . The most common organism identified was F. nucleatum. Many papers have reported that this organism is commonly found in tissues with chorioamnionitis Hyde, 1985, 1988) , as well as after PTL (Romero et al., 1992; Bearfield et al., 2002) , but this seems to be the clearest link with PROM reported so far. The haematogenous spread of F. nucleatum can cause PTL in mice (Han et al., 2004) , a finding which mirrors the proposed impact of this organism in human pregnancy.
The detailed mechanisms through which F. nucleatum causes PTL have not been addressed in this study, and this requires further investigation. It should be noted that F. nucleatum is a Gram-negative organism which will therefore have an outer layer of lipopolysaccharide (LPS). LPS (usually from E. coli) is a potent activator of prostaglandin and cytokine production from human fetal membranes (Rajasingam et al., 1998; Alvi et al., 1999) and from the constituent amnion, chorion and decidua (Romero et al., 1989b; Dudley et al., 1992a Dudley et al., ,b, 1993 Mitchell et al., 1993) , and live bacteria can have similar effects (Rajasingam et al., 1998) . We anticipate that live F. nucleatum and LPS from these organisms will induce type-2 cyclo-oxygenase (and hence prostaglandin production), and inflammatory cytokine output from fetal membranes, which will parallel the changes observed in these factors during labour.
It is interesting to note that many studies have implicated Ureaplasma urealyticum as a common cause of PTL and subsequent complications (McDonald and Chambers, 2000; Berger et al., 2003; Gerber et al., 2003) , but we did not detect it, even though Gerber and coworkers used a very similar molecular approach to ours. We suggest that this is because U. urealyticum is primarily an organism found in fluids (e.g. urine, amniotic fluid), and the cells contacting them, rather than within tissues. Our samples would have mostly organisms within the tissues, rather than those on the surface of the amniotic epithelium, and this may explain the difference between the earlier study and our findings.
This new molecular and bioinformatics approach provides a new method to investigate the associations between particular intrauterine organisms and pregnancy outcome, avoiding the need for multiple microbiological culture. F. nucleatum was associated with prolonged fetal membrane rupture before delivery, and this apparent linkage requires further study.
